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Abstract 

A highly sensitive and molecular size-selective method for the detection of proteins using heteroliganded gold 
nanoislands and localized surface plasmon resonance (LSPR) is described. Two different heteroligands with different 
chain lengths (3-mercaptopionicacid and decanethiol) were used in fabricating nanoholes for the size-dependent 
separation of a protein in comparison with its aggregate. Their ratios on gold nanoisland were optimized for the 
sensitive detection of superoxide dismutase (S0D1). This protein has been implicated in the pathology of 
amyotrophic lateral sclerosis (ALS). Upon exposure of the optimized gold nanoisland to a solution of S0D1 and 
aggregates thereof, changes in the LSPR spectra were observed which are attributed to the size-selective and 
covalent chemical binding of S0D1 to the nanoholes. With a lower detection limit of 1.0 ng/ml, the method can 
be used to selectively detect S0D1 in the presence of aggregates at the molecular level. 



Introduction 

Many proteins are capable of causing immune reactions, 
and the presence of protein aggregates has been identi- 
fied as an important factor leading to the lowering of 
immune tolerance [1-3]. For this reason, the precise 
detection of proteins in the presence of other formula- 
tions with high sensitivity and specifity is essential for 
disease diagnostics, drug screening, and other applica- 
tions [4,5]. The most widely used method for the detec- 
tion and analysis of proteins and their aggregates in 
formulations is size exclusion chromatography (SEC) 
[5]. Although useful for the determination of molecular- 
weights of proteins, its application to the quantitative 
determination of protein concentrations is more diffi- 
cult. Another spectroscopic techniques involving the use 
of light scattering techniques [6] and Fourier transform 
infrared spectroscopy (FTIR) [7,8] are also frequently 
used for this purpose. Light scattering methods have 
been used to calculate the mean hydrodynamic radius of 
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protein aggregates and to characterize molecular distri- 
bution of protein aggregates. However, high concentra- 
tions of protein solutions are needed to accomplish this. 
As a result, the technique has limitations involving erro- 
neous interpretations and a lack of sensitivity at low 
concentrations. Although FTIR method has also been 
used for the determination of changes in protein sec- 
ondary structure, it is still difficult to quantitatively ana- 
lyze and differentiate between protein concentrations in 
aggregates. In order to overcome these limitations and 
enhance sensitivity, optical methods such as fluores- 
cence spectroscopy have been used [9]. However, strong 
background or the quenching of spectroscopic signals 
resulting from the use of labeling dyes has been 
reported [10,11]. In this regard, label-free optical meth- 
ods have been developed and localized surface plasmon- 
based metallic nanomaterials represent a promising 
alternative for achieving high sensitivity, and selectivity 
at low concentrations. 

The optical properties of metallic nanomaterials arise 
from localized surface plasmon resonance (LSPR), which 
is caused by the collective oscillation of surface conduc- 
tion electrons by light [12-15]. Changes in the peak 
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intensity and wavelength of plasmon spectra, which are 
caused by variations in refractive index as the result of 
the binding of molecules to the metal nanomaterials, are 
optically detectable parameters that have found use in 
chemical and biosensensor devices [16-19]. Currently, 
due to the potential for impacting screening in medical 
and environmental applicabilities, LSPR sensing systems 
would be more attractive. However, further improved 
sensitivity and accuracy of the devices are required, so 
that the development of a novel nanostructure design 
with special optical properties for high sensitivity and 
selectivity has become a priotiry. 

Here, we propose a highly sensitive and molecular 
size-selective detection method for a protein in the pre- 
sence of its aggregate by utilizing a heteroliganded gold 
nanoisland on a transparent glass substrate. As a proof- 
of-concept test, the superoxide dismutase (SOD1) pro- 
tein was selected for the sensitive and molecular size- 
selective detection between this protein and aggregates 
derived from it. SOD1 is a well-known, highly stable 
dimeric enzyme that catalyzes the dismutation of super 
radicals to hydrogen peroxide and molecular oxygen. Its 
aggregated structure in motor neurons is associated 
with amyotrophic lateral sclerosis (ALS), a neurodegen- 
erative disease [20,21]. 

The method focused on several significant factors. 
First, heteroliganded nanoholes were fabricated on gold 
nanoislands for protein separation based on its physical 
dimensions in the presence of aggregates. Second, the 
detection method is based on sensitive changes in the 
local dielectric environment of modified gold nanois- 
lands, which are caused by covalent chemical interac- 
tions between the proteins and the active sites of 
nanoholes. Third, the transduction system was modified 
for application to a chip-based detection method. This 
would premit the fabrication of materials using off-the- 
shelf materials with high stability, which would be 
applicable to simple, low-cost diagnostics. The combina- 
tion of these factors would result in the more sensitive, 
molecular size-selective, and simpler method for the 
determination of a protein. 

Materials and experiments 

Materials 

3-Mercaptopionicacid (MPA, Sigma- Aldrich Korea Ltd.), 
decanethiol (DT, Sigma), A^(3-dimethylaminopropyl)-Af- 
ethylcarbodiimide hydrochloride (EDC, Sigma- Aldrich 
Korea Ltd.), and Af-hydroxysuccinimide (NHS, Sigma- 
Aldrich Korea Ltd.) were used as received. A piranha solu- 
tion (70% sulfuric acid (H 2 S0 4 , Fisher Scientific Korea 
Ltd.) and 30% hydrogen peroxide (H 2 0 2 , Sigma- Aldrich 
Korea Ltd.)) was used to clean the glass substrates on 
which gold nanoisland were fabricated (caution: piranha 
solutions should be handled with extreme care). 



Fabrication of the gold nanoisland substrate 

The gold nanoisland was prepared by the thermal eva- 
poration on a glass substrate (0.8 x 7.0 cm) in a vacuum 
at a temperature of 65°C. The substrate was then 
annealed at 200°C for 5 h to produce more stable and 
ordered gold nanoislands. Two different types of gold 
nanoislands (1- and 5-nm thickness) modified with 3- 
mercaptopionicacid (MPA, short chain length) and 
decanethiol (DT, long chain lengh, relatively) were pre- 
pared on the glass substrate. A two-step procedure was 
used in preparing the functionalized and activated 
nanoisland. In the first step, a mixed self-assembled 
monolayer (SAM) of MPA and DT on the gold nanois- 
land was prepared by treatment with different volu- 
metric ratios of 1 mM ethanolic MPA and DT solutions 
overnight. In the second step, the COOH groups of 
MPA were activated to reacive esters by reaction with 
NHS and EDC [22,23], followed by reaction with an 
amine-terminated SOD1 protein to covalently tether the 
protein to the surface of the gold nanoisland. 

SOD1 protein expression and purification 

The wild-type human SOD1 gene was cloned into the 
pET23b ( + ) (Novagen) vector and the protein was 
expressed in E. coli. Cultures were induced by the addi- 
tion of 0.5 mM isopropyl b-D-thiogalactopyranoside for 
3 to 6 h at 30°C, and the cells were then lysed by sonica- 
tion in a buffer containing 150 mM NaCl, 50 mM Tris- 
HC1 (pH 8.0), 0.1 mM EDTA, 1 mM dithiothreitol 
(DTT), and 1 mM phenylmethylsulfonyl fluoride (PMSF). 
Proteins were eluted with a linear gradient of ammonium 
sulfate (0.75-0 M) in 50 mM sodium phosphate (pH 7.0), 
150 mM NaCl, 0.1 mM EDTA, and 0.25 mM DTT. 
Wild-type SOD1 was released with high specificity from 
the column at concentrations between 1.3 and 0.8 M 
ammonium sulfate. The mutant SOD1 (A4V) was further 
purified by gel permeation chromatography on a Super- 
dex 200 column (GE healthcare) in 50 mM sodium phos- 
phate buffer (pH 7.0, 150 mM NaCl). Zn and Cu were 
removed from the protein, to give apo-type SOD1. 

Preparation of SOD1 aggregates 

The purified wild-type apo-SODl molecules were 
diluted with an acidic phosphate-buffered saline (PBS) 
solution (pH 5.4) to a concentration of 0.1 mg/ml. 
SOD1 aggregates were prepared by treatment with a 
solution containing 20% (v/v) trifluoroethanol (TFE) 
[24,25]. 

Optical absorption spectroscopy 

Optical absorption spectroscopy measurements were 
performed in a spectrophotometer (HP 8453) using 1- 
cm path-length quartz cuvettes. Spectra were collected 
over the 400-800-nm wavelength range. 
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Results and discussion 

Principle of heteroliganded gold nanoisland-based 
sensing platform 

We examined the feasibility of a chip-based gold nanois- 
land sensor prepared for the sensitive and molecular 
size-selective detection of a protein. A schematic view of 
the heteroliganded gold nanoisland and the basic 
scheme underlying the sensor operation are shown in 
Figure 1. The gold nanoisland was prepared by thermal 
evaporation on a transparent substrate. After annealing 
procedure of the surface, dimensions of the gold nanois- 
lands were in the range of 40-80 nm in diameter 
[26,27]. The binary SAM containing MPA and DT was 
fabricated on the gold nanoislands. Because the two 
thiol derivaties, MPA and DT, have different hydrophili- 
cities as well as different chain lengths, the nanometer- 
scale phase separation on the surface would form a bin- 
ary mixture due to ^-functional group interaction 
[28-31]. The mole fractions of these molecules on the 



gold nanoisland in the fabrication of the mixed SAM 
were optimized so as to maximize the sensitivity of the 
method. The phase separated and nanometer-scaled 
MPA domains in the mixed SAM induce the formation 
of nanoholes [32-35], which would play an important 
role as effective binding sites of native SOD1 compared 
to aggregates. The dimensions of SOD1 aggregates cul- 
tured by TFE condition for 4 weeks was determined to 
be in the several hundred nanometer scales to the 
micrometer scales [36]. Because of this, it is not possible 
for them to enter the MPA nanoholes. 

The heteroliganded gold nanoisland substrate with the 
mixed SAM was then partially activated (the area of 
MPA) to receive esters to covalently tether the protein 
to the surface of the gold nanoisland. The hydrophobic 
moieties of DT functions allow the proteins to approach 
the activated receptor more easily, resulting in the bind- 
ing of the protein to the activated MPA sites via carboi- 
mide coupling to protein-free anime moieties. We 
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Figure 1 (A) Schematic view of a heteroliganded gold nanoisland for the sensitive and molecular size-selective detection of a protein. 

The enlarged schematic diagram shows the surface morphology of a heteroliganded gold nanoisland and the binding principle of a protein in 

the presence of its aggregates. (B) (a) The detection method via chip-based localized surface plasmon resonance spectroscopy, (b) The before 

(black) and after (red) absorption spectra of the gold nanoislands after a 1-h exposure to a 0.1 mg/ml solution of SOD1. 
I ) 
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hypothesize that the surface of the gold nanoisland has a 
golf ball-like morphology with nanoholes, which would 
permit the sensitive and size-selective detection of a 
protein over an aggregated species in a variety of formu- 
lations. (Figure 1A). 

The binding interaction between the proteins and the 
nanoholes on the gold nanoisland surface caused distint 
shifts in the LSPR peak, as detected by UV-visible 
absorption spectrometry. Figure IB shows the chip- 
based detection system and representative spectra of 
LSPR for the SOD1 protein for a concentration of 0.1 
mg/ml. The optical properties of LSPR in a gold nanois- 
land can be utilized to transduce the optical signal 
change in their absorbance spectrum. Only the gold 
nanoisland glass surface shows a plasmon resonance 
peak centered at 550 nm wavelength, which could con- 
firmed that the island shape grew a near-hemisphere 
shape [37], and the correspoding color of the substrate 
is pink-red. When the glass substrate is exposed to the 
protein solution, a remarkable change in the maximum 
absorption for the surface plasmon resonance peak was 
observed. From the spectra, the detection method utiliz- 
ing a heteroliganded gold nanoisland and the optical 
properties of LSPR permit the concentration to be 
determined at an extremly low level-concentration of 
protein in a homogeneous solution. In addition, the 
method permits the protein to be separated from its 
macrospecies (protein aggregates) that are derived from 
the protein, and predict the ratio of native form to the 
concentration of aggregates. Finally, the method permits 
the basic parts to the readily fabricated from off-the 
shelf materials that are reasonably stable, and its subse- 
quent application to simple and low-cost diagnostics. 

Optimization of heterolihanded gold nanoisland for the 
high sensitivity 

For the sensitive detection of a protein, the thickness of 
the gold nanoisland and the ratio of the two ligand 
motifs were optimized. The gold nanoisland glass sub- 
strates were fabricated by thermal evaporation with 
thickness from 1 to 10 nm. For thienkesses of over the 
7 nm, the color of the substrate changed from red to 
purple and bluish purple, i.e., the distance between the 
gold nanoislands appeared to be close and aggregated. 
When the thickness was over 10 nm, no gold nanois- 
lands were formed, but a thin gold flat film was formed 
(data not shown). Thus, we selected gold nanoisland 
substrates with thicknesses of 1 and 5 nm for use and 
the sensitivity of these substrates were evaluated based 
on the response traces at the fixed maximum peak of 
absorbance. 

On the two types of gold nanoisland substrates, the 
mole fraction between DT (D DT ) and MPA (Dmpa) 
was varied as 1:1, 10:1, 50:1, 100:1, and 200:1 (D M pa is 



0.5, 0.1, 0.02, 0.01, 0.005, respectively, where D M pa + 
□ DT = 1). The surface property of these different ratios 
of heteroligands was supported by water contact angle 
measurements. In the case of a greater ratio of DT, the 
hydrophobicity of the surface increases and the angle 
for each substrate was determined to be 42.1°, 43.3°, 
46.0°, 48.5°, and 50.1° respectively. 

Figure 2 shows changes in absorbance as a function of 
the mole fraction of MPA (semi-log scale) when nanois- 
land substrates with two different thicknesses (1, 5 nm) 
were exposed to an aqueous SOD1 protein solution (0.1 
mg/ml) for 1 h, and then allowed to equilibrate after 
exposure to dry air, respectively. Among the different 
substrates, the changes in absorbance of the 5-nm 
nanoisland substrates were superior than that of the 1- 
nm substrates. This can be attributed to the more 
extensive coverage of gold nanoisland in the case of the 
5-nm substrate. This would result in a stronger absorp- 
tion efficiency of the electromagnetic field proportional 
to the imaginary part of polarizability [37]. A plot of 
sensitivity as a function of ratio shows that the sensitiv- 
ity increases with the mole fraction, reaching a maxi- 
mum change for a Dmpa value of 0.01, and then 
drastically decreases. Therefore, the optimized gold 
nanoisland glass substrate was used to examine the sen- 
sitivity of the method for the detection of various con- 
centrations of SOD1. 

Sensitive detection of SOD1 protein 

To explore the sensitivity of the method using a homoge- 
neous protein solution, changes in maximum absoprtion 
at the surface plasmon peak after a 1-h exposure were 
determined for SOD1 protein concentrations in the range 
of 1.0 to 0.1 mg/ml. Figure 3A shows representative 
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Figure 2 Changes in the maximum absorbance peak as a function 
of mole fractions of MPA over DT in binary mixed SAM (Dmpa + 
□ dt=D. 

k J 



Hong et al. Nanoscale Research Letters 201 1, 6:336 
http://www.nanoscalereslett.eom/content/6/1/336 



Page 5 of 7 



A o 



35 



0.3 

D 
< 

0) 0.25 

o 

c 

03 

(f) 
-Q 
< 

0.15 



0.1 



t 100Mg/ml 




! 10Mg/ml 




| 1 pg/ml 




! 0 1 p cj / m I 




! 0.01 pg/ml 




1 0 pg/ml 









400 



500 



600 



700 



800 



B 



Wavelength (nm) 



0.06 - 



< 

o 0.04 
c 

_Q 



O 
GO 

< 
< 



0.02 



< 0 04 
< 

< 0.02 

0 



0 50 100 

SOD1 cone. (|jq/ml) 



;D1 cone, (pg/nr 



0.001 



0.01 



0.1 



10 



100 



SOD1 cone. (Mg/ml) 



Figure 3 (A) Representative absorption spectra of SOD1 
concentration-dependent response. (B) Changes in the maximum 
absorbance peak as a function of SOD1 concentration. 



absorption spectra for the SOD1 concentration-dependent 
response. When the gold nanoisland substrate is exposed 
to an SOD1 solution, the peak position is red and shifted 
upward, compared to the spectra of the native gold 
nanoisland substrate. Overall in these experiments, the 
wavelength shift at the centroid peak (the signal of red 
shift) was not sensitive at low concentrations of SOD1. 
Thus, the change in absorption near the surface plasmon 
peak is the preferred optical signal. As seen in Figure 3B, 
upon increasing the protein cencentration, the changes in 
the absorption also increase. Concerning signal noise, the 
limit of detection was determined to be 1.0 ng/ml. It 
should be noted that there is linear increase in the absor- 
bance changes for the concentration range of 1.0 ng/ml to 
10 (ig/ml (semi-log scale). At higher concentrations, the 
binding of SOD1 became saturated, leading to a nonlinear 
response and a plateau for concentrations in excess of 50 
(ig/ml. The reason for the non-linear response at higher 
SOD1 concentrations is that the binding site of the gold 



nanoisland was nearly saturated with SOD1 protein. That 
is, the operational amplitude of absorption change (AA) 
increases in proportion to the SOD1 concentration, reach- 
ing a limiting value (AA = 0.058). The calibration curve 
also shows that the heteroliganded gold nanoisland can 
detect roughly a five- to tenfold lower concentration of the 
protein than other metallic nanoparticle systems [38,39]. 

Size-selective detection of SOD1 in the presence of its 
aggregate 

For the molecular size-selective detection of a protein 
formulation, a mixture of solutions of native SOD1 (100 
(ig/ml) and its aggregates (the volumetric ratio between 
them was 1:1, 1:5, 1:10, 1:20.) were exposed to the gold 
nanoisland glass substrate and changes in the absorption 
spectra were measured. The aggregated SOD1 protein 
formulation was verified using circular dichroism (CD) 
spectroscopy (Data not shown; our previous published 
data indicates that significant differences in CD spectra 
were observed between SOD1 incubated with TFE and 
freshly prepared SOD1. The secondary structure of 
native SOD1 is mainly comprised of P -sheets (60%) and 
random coils (30%) with the remainder being a -helixes. 
Changes in the secondary structure of SOD1, i.e., a 
decrease in the p -sheet and a-helix content of SOD1 
together with an increase in the random coil content, 
indicate the formation of aggregates [36].) 

Upon exposure to the solution of native SOD1 and 
aggregates thereof, the nanometer-scaled MPA 
domains (nanoholes) in the mixed SAM can act as a 
molecular sieve, the SOD1 that are present into the 
nanoholes then selectively bind to the activated sites 
on MPA. Figure 4 shows changes in the maximum 
absorption peak as a function of the volumetric ratio 
of SOD1 formulations. As the ratio of SOD1 



< 

0 

o 

£= 
03 
_Q 
i_ 
O 
(f) 
_Q 
< 
< 



0.06 



0.04 



0.02 



5 10 15 

Volumetric ratio of mixture 



20 



Figure 4 Changes in the maximum absorbance peak as a 
function of the volumetric ratio of a mixed SOD1 formulation. 
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aggregates increases, the change in absorbance peak 
decreases, and this dependence was dependent on the 
amount of native SOD1 initially present in the solu- 
tion. Finally, when the ratio was 1:20, the spectra did 
not change further. This result suggests that the exi- 
stance of large amounts of aggregates in the mixture 
solution may interfere with the an aproach of the 
native SOD1 to the nanoholes. From the results 
obtained herein, the heteroliganded gold nanoisland 
and the detection method permit us to predict the 
ratio of a protein and macrospecies derived from a 
protein. Moreover, the method has the portntial for 
being appplied to other protein fomulations and has 
considerable potential for use in chip-based diagnoses. 

Conclusions 

In conclusion, we describe a highly sensitive and molecu- 
lar size-selective detection method for determining pro- 
teins with heteroliganded gold nanoisland on an optically 
transparent substrate via LSPR detection by UV-visible 
absorption spectrometry. To achieve this, two specific 
ligands of MPA and DT with different chain lenghs were 
used to fabricate nanoholes on the gold nanoisland. The 
thickness of the gold nanoisland and the ratio of heteroli- 
gand were optimized so as to maximize the sensitivity of 
the method. The area of MPA was locally activated to 
reactive esters to permit the binding of the protein. Upon 
exposure the optimized gold nanoisland to an SOD1 solu- 
tion, the limit of detection was determined to be 1.0 ng/ 
ml, which is significantly more sensitive than other exist- 
ing optical methods. Since the nanoholes may act as a 
sieve by virtue of their physical dimensions, the method is 
also molecular size-selective for SOD1 in the presence of 
its aggregates. Thus, this optical spectroscopic method 
using heteroliganded gold nanoislands is potentially useful 
for the sensitive detection of small biomolecules and the 
molecular size-dependent screening of formulations that 
contain them. 

Acknowledgements 

This study was supported by a Grant No. 101-081-032 
from the Ministry of Environment, Korea, and WCU 
(World Class University) program through the Korea 
science and Engineering Foundation funded by the Min- 
istry of Education, Science and Technology (400-2008- 
0230). 

Abbreviations 

MPA: 3-mercaptopionicacid; ALS: amyotrophic lateral sclerosis; CD: circular 
dichroism; DT: decanethiol; FTIR: Fourier transform infrared spectroscopy; 
LSPR: localized surface plasmon resonance; SAM: self-assembled monolayer; 
SEC: size exclusion chromatography; SOD1: superoxide dismutase. 



Authors' contributions 

SH carried out the design of the study, fabricated the film, performed the 
sensing analysis and drafted the manuscript. SL participated in the 
fabrication of the film. JY conceived of the study, and participated in its 
design and coordination. All authors read and approved the final 
manuscript. 

Competing interests 

The authors declare that they have no competing interests. 

Received: 24 November 2010 Accepted: 14 April 2011 
Published: 14 April 2011 

References 

1. Hermeling S, Crommelin DJ, Schellekens H, Jiskoot W: Micell-associated 
protein in epoetin formulations: A risk factor for immunogenicity? Pharm 
Res 2003, 20:1903. 

2. Hermeling S, Schellekens DJ, Crommelin W, Jiskoot W: Structure- 
immunogenicity relationships of therapeutic proteins. Pharm Res 2004, 
21:897. 

3. Ross CA, Poirier MA: Opinion: What is the role of protein aggregation in 
nuerodegeneration? Nat Cell Biol 2005, 6:891. 

4. Shan G, Wang S, Fei X, Liu Y, Yang G: Heterostructured ZnO/Au 
nanoparticles-based resonant Ranan scattering for protein detection. J 
PhysChem 6 2009, 113:1468. 

5. Kunji ERS, Harding M, Butler PJG, Akamine P: Determination of the 
molecular mass and dimensions of membrane proteins by size exclusion 
chromatography. Methods 2008, 46:62. 

6. Weijers M, Visschers RW, Nicolai T: Light scattering study of heart-induced 
aggregation and gelation of ovalbumin. Macromolecules 2002, 35:4753. 

7. Nielsen L, Frokjaer S, Carpenter JF, Brange J: Studies of the structure of 
insulin fibrils by Fourier transform infrared (FTIR) spectroscopy and 
electron microscopy. J Pharm Sci 2001, 90:29. 

8. Sutter M, Oliveria S, Sanders NN, Lucas B, van Heok A, Hink MA, 

Visser AJWG, De Smdt SC, Hennink WE, Jiskoot W: Sensitive spectroscopic 
detection of large and denatured protein aggregates in solution of the 
fluorescent dye nile red. J Fluoresc 2007, 17:181. 

9. Bauer HH, Muller M, Goette J, Merkle HP, Fringeli UP: Interfacial adsorption 
and aggregation associated changes in secondary structure of human 
calcitonin monitored by ATR-FTIR spectroscopy. Biochemistry 1994, 
33:12276. 

10. Sultan NM, Rao RN, Nadimpalli SK, Swamy MJ: Tryptophan environment, 
secondary structure and thermal unfolding of the galactose-specific 
seed lectin from Dolichos lablab: Fluorescence and circular dichroism 
spectroscopic studies. Biochim Biophys Acta 2006, 1760:1001. 

11. Omoike A, Brandt B: Interaction between bisphenol A and tannic acid: 
Spectroscopic titration approach. Spectrochim Acta 201 1. 

12. Hutter E, Fendler JH: Exploitation of localized surface plasmon resonance. 
Adv Mater 2004, 16:1685. 

13. Willets KA, Van Duyne RP: Localized surface plasmon resonance 
spectroscopy and sensing. Annu Res Phys Chem 2007, 58:267. 

14. Anker JN, Hall WP, Lyandres 0, Shah NC, Zhao J, Van Duyne RP: Biosensing 
with plasmonic nanosensors. Nat Mater 2008, 7:442. 

15. Xiang G, Zhang N, Zhou X: Localized surface plasmon resonance 
biosensing with large area of gold nanoholes fabricated by nanosphere 
lithography. Nanoscale Res Lett 2010, 5:818. 

16. Haes AJ, Van Duyne RP: A nanoscale optical biosensor: Sensitivity and 
selectivity of an approach based on the localized surface plasmon 
resonance spectroscopy of triangular silver nanoparticles. J Am Chem Soc 
2002, 124:10596. 

17. Hiep HM, Yoshikawa H, Saito M, Tamiya E: An interference localized 
surface plasmon resonance biosensor based on the photonic structure 
of Au nanoparticles and Si0 2 /Si multilayers. ACS Nano 2009, 3:446. 

18. Bendikov TA, Rabinkov A, Karakouz T, Vaskevich A, Rubinstein I: Biological 
sensing and interface design in gold island film based localized 
plasmon transducers. Anal Chem 2008, 80:7487. 

19. Karakouz T, Vaskevich A, Rubinstein I: Polymer-coated gold island films as 
localized plasmon transducers for gas sensing. J Phys Chem B 2008, 
112:14530. 



Hong et al. Nanoscale Research Letters 201 1, 6:336 
http://www.nanoscalereslett.eom/content/6/1/336 



Page 7 of 7 



20. Gaggelli E, Kozlowski H, Valensin D, Valensin G: Copper homeostasis and 
neurodegenerative disorders (Alzheimer's, prion and Parkinson's 
diseases and amyotrophic laterla sclerosis). Chem Rev 2006, 106:1995. 

21. Ye H: Simultaneous determination of protein aggregation, degradation, 
and absolute molecular weight by size exclusion chromatography- 
multiangle laser light scattering. Anal Biochem 2006, 356:76. 

22. Fung YS, Wong YY: Self-assembled monolayers as the coating in a quartz 
piezoelectic crystal immunosensor to detect salmonella in aqueous 
solution. Anal Chem 2001, 73:5302. 

23. Su X, Wu YJ, Robelek R, Knoll W: Surfcae plasmon resonance spectroscopy 
and quatz crystal microbalance study of steptavidin film structure 
effects on biotinylated DNA assembly and target DNA hybridization. 
Langmuir 2005, 21:348. 

24. Rezaei-Ghaleh N, Ebrahim-Habibi A, Moosavi-Movahedi AA, Nemat- 
Gorgani M: Role of electrostatic interactions in 2,2,2,-trifluoroethanol- 
induced structural changes and aggregation of alpha-chymotrypsin. 
Biochem Biophys 2007, 457:160. 

25. Stathopulos PB, Rumfeldt JAO, Scholz GA, Irani RA, Frey HE, Hallewell RA, 
Lepock JR, Meiering ER: Cu/Zn superoxide dismutase mutants associated 
with amythropic lateral sclerosis show enhanced formation of 
aggregates in vitro. Proc Natl Acad Sci USA 2003, 100:7021. 

26. Liu H, Zhang X, Gao Z: Lithography-free fabrication of large-area 
plasmonic nanostructures using colloidal gold nanoparticles. Photon 
Nanostruct 2010, 8:131. 

27. Fujii S, Fujihira M: Differenciation of molecules in a mixed self-assembled 
monolayer of H- and Cl-terminated bicyclo[2.2.2]octane derivatives. 
Nanotechology 2006, 17:51 1 2. 

28. Kim YK, Koo JP, Huh CJ, Ha JA, Pi UH, Choi SY, Kim J: Adsorption behavior 
of binary mixed alkanethiol moleculaes on Au: Scanning tunneling 
microscope and linear-scan voltammetry investigation. Appl Surf Sci 2006, 
252:4951. 

29. Phong PH, Tomono H, Nishi N, Yamamoto M, Kakiuchi T: Artificially phase- 
separated binary self-assembled monolayers composed of 11-amino-1- 
undecanethiolate and 10-carboxy-1-decanethiolate on Au(1 1 1):A 
comparative study of two preparing methods. Electrochim Acta 2008, 
53:4900. 

30. Arima Y, Iwata H: Effect of wettability and surface functional groups on 
protein adsorption and cell adhesion using well-defined mixed self- 
assembled monolayers. Biomaterial 2007, 28:3074. 

31. Pandey LM, Pattanayek SK: Hybrid surface from self-assembled layer and 
its effect on protein adsorption. Appl Surf Sci 201 1, 257:4731. 

32. Huang YW, Gupta VK: A SPR and AFM study of the effect of surface 
heterogeneity on adsorption of proteins. J Chem Phys 2004, 121:2264. 

33. Kim H, Cho IH, Park JH, Kim S, Paek SH, Noh J, Lee H: Analysis of a non- 
labeling protein array on biotin modified gold surfaces using atomic 
force microscopy and surface plasmon resonance. Coll Surf A 2008, 313- 
314:541. 

34. Stranick SJ, Atre SV, Parikh AN, Wood MC, Allara DL, Winograd N, Weiss PS: 
Nanometer-scale phase separation in mixed composition self-assembled 
monolayers. Nanotechnology 1 996, 7:438. 

35. Stranick SJ, Parikh AN, Tao YT, Allara DL, Weiss PS: Phase separation of 
mixed-composition self-assembled monolayers into nanometer scale 
molecular domains. J Phys Chem 1994, 98:7636. 

36. Hong S, Choi I, Lee S, Yang Yl, Kang T, Yi J: Sensitive and colorimetric 
detection of the structural evolution of superoxide dismutase with gold 
nanoparticles. Anal Chem 2009, 81(4):1378. 

37. Gupta G, Tanaka D, Ito Y, Shibuta D, Shimojo M, Furuya K, Mitsui K, 
Kajikawa K: Absorption sepctroscopy of gold nanoisland films: optical 
and structural characterization. Nanotechnology 2009, 20:025703. 

38. Han XX, Huang GG, Zhao B, Ozaki Y: Label-free highly sensitive etection 
of proteins in aqueous solutions using surface-enhanced Raman 
scattering. Anal Chem 2009, 81:3329. 

39. Marinakos SM, Chen S, Chilkoti A: Plasmonic detection of a model analyte 
in serum by a gold nanorod sensor. Anal Chem 2007, 79:5278. 



doi:1 0.1 1 86/1 556-276X-6-336 

Cite this article as: Hong et al:. Sensitive and molecular size-selective 
detection of proteins using a chip-based and heteroliganded gold 
nanoisland by localized surface plasmon resonance spectroscopy. 

Nanoscale Research Letters 201 1 6:336. 



f \ 

Submit your manuscript to a SpringerOpen 0 
journal and benefit from: 

► Convenient online submission 

► Rigorous peer review 

► Immediate publication on acceptance 

► Open access: articles freely available online 

► High visibility within the field 

► Retaining the copyright to your article 



Submit your next manuscript at ► springeropen.com 



v. 



